Objective: To evaluate how isoflurane affects T-cell function by assaying interleukin (IL)-2 production and the expression of two Casitas B-lineage lymphoma (Cbl) family protooncogenes (c-Cbl and Cbl-b) in rat peripheral blood mononuclear cells (PBMCs). Methods: Adult male Sprague-Dawley rats were randomly allocated to those that underwent blood collection after brief isoflurane anesthesia (control group), immediately after 4 hours of isoflurane general anesthesia (4I group), and 1 day after 4 hours of isoflurane general anesthesia (1D 4I group). IL-1, IL-2, and IL-6 mRNA levels and c-Cbl and Cbl-b levels in PBMCs were determined by polymerase chain reaction. Ubiquitination of protein kinase Ch (PKCh) and phospholipase C-c1 (PLC-c1) in PBMCs was assessed by immunoprecipitation. Results: The IL-2 mRNA level in rat PBMCs was significantly lower in the 4I and 1D 4I groups than in the control group. c-Cbl, Cbl-b, and ubiquitin expression was significantly increased and zetachain-associated protein kinase 70, PLC-c1, and PKCh protein levels were significantly decreased in the 4I group. Ubiquitination of PLC-c1 and PKCh was significantly increased in the 4I group. Conclusion: Isoflurane influences ubiquitin, c-Cbl, and Cbl-b expression in rat PBMCs, indicating suppression of receptor tyrosine kinase signaling pathways. These results suggest that isoflurane suppresses T-cell function.
Introduction
Various factors, such as surgical stress, tissue damage, and opioid use, influence the immune response in the perioperative period. 1, 2 In addition, inhalational anesthetic agents (e.g., isoflurane, sevoflurane, and desflurane) modulate the immune response via direct effects on immune cells. 3 The effect of inhalational anesthetic agents on immune cells is complex and involves both the innate and adaptive immune systems in terms of cytokine production, expression of cytokine receptors, and the balance of adaptive cell-mediated immunity. [4] [5] [6] [7] [8] This is important because maintenance of immune system balance in the postoperative period influences the outcomes of surgery. 9, 10 Furthermore, inhalational anesthetic agents are associated with recurrence of cancer after surgery. 11 Therefore, the importance of the immediate postoperative immunologic response cannot be ignored, and the effect of isoflurane on the immune system should be investigated.
Interleukin (IL)-2 is produced mainly by CD4 þ T cells but also by CD8 þ T cells, natural killer cells, activated dendritic cells, and mast cells. 12, 13 Although the roles of IL-2 include facilitation of T-cell differentiation as a growth factor and promotion of the cytolytic activity of CD8 þ T cells, 14 it also modulates immune system homeostasis by regulating T helper 17, T follicular helper, and T regulatory cells. 15 Furthermore, IL-2, in association with increased expression of the E3 ubiquitin ligases Casitas B-lineage lymphoma proto-oncogene (c-Cbl) and Cbl-b, is an indicator of functional suppression of T cells. 16 Increased expression of c-Cbl and Cbl-b suppresses T-cell function by promoting ubiquitination and proteosomal degradation of phospholipase C-c1 (PLCc1) and zeta-chain-associated protein kinase 70 (ZAP70), which are involved in receptor tyrosine kinase signaling pathways and IL-2 production. This results in decreased production of IL-2.
16-18 Helmy and Al-Attiyah 19 reported that isoflurane anesthesia significantly decreased IL-2 in patients undergoing minor elective surgery. An enhanced understanding of the mechanism underlying the effects of inhalational anesthetic agents on the immune system would thus improve surgical outcomes.
Therefore, to investigate the effects of isoflurane on T-cell function, we first evaluated its effect on IL-2 production in rat peripheral blood mononuclear cells (PBMCs). Next, we investigated whether c-Cbl and Cbl-b expression in PBMCs changed in parallel with the altered level of IL-2. c-Cbl and Cbl-b regulate intracellular signaling by ubiquitinating target proteins; therefore, we evaluated the effect of isoflurane on the ubiquitin level and the effect of isoflurane exposure on enzymes involved in receptor tyrosine kinase signaling, which affect IL-2 production in rat PBMCs.
Materials and Methods
All animal experiments described in this report were performed after obtaining approval from the Institutional Animal Care and Use Committee of Samsung Biomedical Research Institute (approval number 20151118002) and followed the recommendations of the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
Animal experiments
Fifty-eight adult male Sprague-Dawley rats weighing 300 to 350 g (Orient Bio, Gyeonggi-do, Korea) were quarantined for at least 7 days in separate cages and acclimatized in a controlled-temperature room (24 C-25 C) with an artificial light on a 12-hour light/dark cycle. Food pellets and water were provided ad libitum. The rats were randomly allocated to three groups: those that underwent blood collection after brief isoflurane anesthesia (control group), those that underwent blood collection immediately after 4 hours of isoflurane general anesthesia (4I group), and those that underwent blood collection 1 day after 4 hours of isoflurane general anesthesia (1D 4I group). The rats in the 4I and 1D 4I groups were briefly anesthetized in a concealed chamber, underwent tracheal intubation using a 16-gauge angiocatheter, and were mechanically ventilated. General anesthesia of rats in the 4I and 1D 4I groups was maintained by 1.5 vol% isoflurane (Forane; Ilsung Pharmaceutical, Seoul, Korea) with 100% oxygen for 4 hours. Mechanical ventilation was performed at 3.0 to 3.5 mL/breath at a respiratory rate of 70 to 75 breaths/minute (Harvard Apparatus, Holliston, MA, USA), and the end-tidal CO 2 level was monitored and maintained within the range of 35 to 40 mmHg (Ohmeda Excel 210SE Anesthesia Machine; Datex Instrumentarium Corp., Helsinki, Finland). Neuromuscular blockade was maintained by continuous infusion of rocuronium (Esmeron; MSD, Kenilworth, NJ, USA) at a rate of 0.1 mg/ kg/h. The rectal temperature of the rats was maintained at 37.0 C AE 0.5 C. Lactated Ringer's solution was continuously infused into all anesthetized rats via the tail vein at a rate of 1.5 mL/kg/h for 4 hours. The rats in the control group were briefly anesthetized with isoflurane in a chamber, and their blood was collected in an ethylenediaminetetraacetic acid (EDTA) tube by cardiac puncture. The rats in the 4I group were killed at the end of the experiment, and their blood was collected in an EDTA tube by cardiac puncture. The rats in the 1D 4I group recovered from general anesthesia, and their blood was collected by cardiac puncture under anesthesia with 4 vol% isoflurane 24 hours after the experiment.
Isolation of PBMCs
Immediately after blood collection, PBMCs were isolated by density gradient centrifugation using Ficoll-Paque density gradient medium (GE Healthcare, Uppsala, Sweden) according to the manufacturer's protocol. Briefly, 2 mL of collected anticoagulanttreated blood was gently mixed with an equal volume of balanced salt solution (0.14 M NaCl, 5.
À3 M KCl, and 0.145 M Tris) in a 10-mL centrifuge tube. Next, 4 mL of the mixture was carefully layered on 3 mL of Ficoll-Paque medium. After centrifugation at 400 Â g for 30 minutes at 18 C, PBMCs were harvested, washed twice with balanced salt solution, and centrifuged at 400 Â g for 10 minutes at 18 C.
Quantitative real-time polymerase chain reaction analysis
The expression of IL-1b, IL-2, and IL-6 in seven rats in each group was assayed by quantitative real-time polymerase chain reaction (qRT-PCR). Total RNAs were extracted from PBMCs using TRIzol reagent (Sigma-Aldrich Co., St. Louis, MO, USA) according to the manufacturer's instructions. For qRT-PCR, 2 mg of total RNA was reverse-transcribed by M-MLV reverse transcriptase (Promega, Madison, WI, USA); 2 mL of the product was then used as a template for PCR. qRT-PCR was performed using iQ SYBR Green SuperMix and the iCycleriQ Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). PCR conditions consisted of denaturation at 95 C for 3 minutes followed by 40 cycles of denaturation at 95 C for 15 s, annealing at 58 C for 15 s, and extension at 72 C for 30 s. A dissociation curve was generated at the end of each cycle to verify amplification of a single product. The mRNA levels were quantified using the 2 ÀDDCT method. 20 The mRNA level of the target gene was normalized to that of the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primers used are presented in Table 1 .
Western blotting
PBMCs were lysed in lysis buffer ( 
Immunoprecipitation
To evaluate ubiquitination of PLC-c1 and PKCh (which is enhanced by Cbl-b 21 ), immunoprecipitation (IP) was performed as described previously. 22 PBMC lysates in IP buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 5% glycerol, 1% Triton X-100, 1 mM PMSF, and 1Â protease inhibitor cocktail [Sigma-Aldrich]) were precleared to prevent nonspecific binding by incubation with 30 mL of protein A agarose (Thermo Fisher Scientific) at 4 C for 1 hour. After centrifugation at 20,000 Â g for 10 minutes, the supernatant (500 mg protein) was incubated with 2 mg of the appropriate antibody (anti-PLC-c1 or anti-PKCh) for IP overnight at 4 C, followed by incubation with protein A agarose at 4 C for 2 hours with constant rotation. After washing the beads five times with washing buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.2% Triton X-100, 1 mM PMSF, and 1Â protease inhibitor cocktail), immunoprecipitated proteins were eluted using a buffer containing 2% SDS and subjected to western blotting.
Immunohistochemistry
PBMCs were post-fixed for 15 minutes in 4% paraformaldehyde and washed three times with 0.1 M phosphate-buffered saline (PBS). Nonspecific protein binding was then blocked by incubation in blocking buffer (10% goat serum and 0.1% Triton X-100 in 0.1 M PBS) at room temperature for 60 minutes. Next, PBMCs were incubated overnight at 4 C with the appropriate primary antibody in 0.1% Triton X-100 in 0. 26 and this subset increases IL-2 production 30-to 100-fold by co-stimulation with the ligand B7. 27 
Statistical analysis
Data are presented as mean AE standard error of the mean. The data were analyzed with the Kruskal-Wallis test, followed by Tukey's test using ranks. A P-value of <0.05 was considered statistically significant.
Results

Effect of isoflurane on IL-2 mRNA level in rat PBMCs
The mRNA levels of IL-1b and IL-6 were not significantly different between the 4I and 1D 4I groups and the control group. However, the IL-2 mRNA level was significantly downregulated (0.40-fold) in the 4I group compared with in the control group and was downregulated in the 1D 4I group (0.57-fold) (P < 0.05) (Figure 1 ).
Effect of isoflurane on c-Cbl, Cbl-b, and ubiquitin levels in rat PBMCs
Next, we investigated the protein levels of cCbl and Cbl-b in PBMCs by immunoblotting. The c-Cbl and Cbl-b protein levels in rat PBMCs were increased in the 4I and 1D 4I groups. The level of phosphorylated c-Cbl was also increased in the 4I and 1D 4I groups, but that of phosphorylated Cbl-b was decreased (Figure 2(a) ). The conjugated ubiquitin level was increased up to 1 day after isoflurane anesthesia. However, the mono-ubiquitin level was decreased in the 4I and 1D 4I groups (Figure 2(b) ).
Isoflurane decreased ZAP70, PLC-c1, and PKCh levels
Activation of ZAP70 and PLC-c1 results in increased production of IL-2. 16 Therefore, we investigated the effect of isoflurane exposure on ZAP70 and PLC-c1 levels. The levels of the phosphorylated and nonphosphorylated forms of ZAP70 and PLCc1 were decreased in the 4I and 1D 4I groups (Figure 2(c) ). Therefore, isoflurane reduced the activity of these components of the receptor tyrosine kinase signaling pathways. Unlike c-Cbl, which is activated by phosphorylation, phosphorylation of Cbl-b by PKCh reportedly leads to proteosomal degradation, whereas ubiquitination of PKCh by Cbl-b inhibits its activity. 28, 29 For this reason, we also investigated whether PKCh expression decreased as Cbl-b expression increased. The level of PKCh was decreased in the 4I and 1D 4I groups (Figure 2(c) ).
Exposure to isoflurane increased ubiquitination of PLC-c1 and PKCh
We investigated the effect of isoflurane on ubiquitination of PLC-c1 in rat PBMCs (Figure 3(a) ). Ubiquitination of PLC-c1 was increased in the 4I group and was increased and decreased in the 1D 4I group compared with in the control and 4I groups, respectively. Moreover, ubiquitination of PKCh was increased in the 4I and 1D 4I groups (Figure 3(b) ), possibly due to increased Cbl-b activity.
Effect of isoflurane on c-Cbl and Cbl-b expression in CD4
þ and CD28 þ T cells 
Discussion
Our results suggest that isoflurane increases c-Cbl and Cbl-b expression and the conjugated ubiquitin level in PBMCs, leading to a decrease in the mRNA level of IL-2. Therefore, isoflurane may lead to disturbance of immune homeostasis and suppression of T-cell function.
Isoflurane, an important inhalational anesthetic agent, can modulate the immune response. [30] [31] [32] Although exposure is brief, the choice of anesthetic agent has been suggested to affect postoperative outcomes. 33 Wigmore et al. 11 reported that patients who underwent general anesthesia with volatile anesthetics had a lower survival rate after surgical treatment of cancer than those who underwent total intravenous anesthesia. In addition, isoflurane reportedly increases the risk of malignancy of various cancers. [34] [35] [36] Clinical use of IL-2 is limited by the risk of severe complications, such as capillary leak syndrome. However, the beneficial effects of IL-2 have resulted in trials of its efficacy against various diseases, including cancer. 12, 37, 38 Previous studies have revealed diverse IL-1b and IL-6 levels in PBMCs, likely due to different experimental conditions, durations of exposure to isoflurane, and sample types. [39] [40] [41] However, our results showed that the mRNA levels of IL-1b and IL-6 did not change significantly during the experimental period, whereas 4 hours of exposure to isoflurane decreased IL-2 expression, which was associated with increased c-Cbl and Cbl-b expression. Because we controlled the effects of other factors, these findings suggest that isoflurane significantly decreased the IL-2 mRNA level in rat PBMCs, and this could have disturbed immune system homeostasis. The E3 ubiquitin ligases c-Cbl and Cbl-b suppress the production of IL-2 by promoting ubiquitination of downstream enzymes in receptor tyrosine kinase signaling pathways in T cells. 17 Ubiquitination is a post-translational modification involving the attachment of ubiquitin-an evolutionarily conserved 76-amino-acid peptide-to target proteins, leading to their proteosomal degradation. 42 Therefore, decreased IL-2 production together with increased c-Cbl and Cbl-b expression in T cells indicates suppression of the T-cell-mediated immune response.
Maintenance of the balance of T-cell function in the perioperative period reduces the risk of disease progression after surgical treatment of cancer. 43, 44 Akiyoshi et al. 45 reported that the IL-2 level was significantly decreased up to 8 days after major surgery, but the proportions of T-cell subsets were unchanged. We detected decreased production of IL-2 and increased expression of c-Cbl and Cbl-b in CD4 þ and CD28 þ T cells up to 1 day after exposure to isoflurane. This suggests a mechanism for the effect of isoflurane on IL-2 production.
Mono-or polyubiquitination of target proteins leads to their proteosomal degradation. 46 The activity of c-Cbl and Cbl-b involves attachment of ubiquitin to target proteins; therefore, we evaluated the effect of increased c-Cbl and Cbl-b expression on ubiquitin expression. The conjugated ubiquitin level was significantly higher in the 4I and 1D 4I groups than in the control group. This suggests that the isoflurane-induced increased expression of ubiquitin enhanced the ubiquitination of intracellular proteins.
c-Cbl and Cbl-b belong to the Cbl family and function as adaptor proteins, but they may have different mechanisms of action. Ubiquitination of target proteins by c-Cbl is enhanced by its phosphorylation; 18, 47 indeed, tyrosine phosphorylation of Cbl-b results in the greatest increase in its ubiquitination activity. 28 PKCh phosphorylates Cbl-b, which suppresses the activity of the latter. 29 In contrast, Cbl-b ubiquitinates PKCh, leading to its proteosomal degradation. 21 Therefore, the isoflurane-induced decrease in the PKCh level and increase in ubiquitination of PKCh may enhance the activity of Cbl-b, possibly leading to decreased expression of IL-2. Furthermore, the ubiquitination-mediated decrease in the levels of phosphorylated and nonphosphorylated PLC-c1 could also suppress production of IL-2. Thus, isoflurane influences the immune response by increasing c-Cbl, Cbl-b, and ubiquitin levels in PBMCs, which modulates the activity of receptor tyrosine kinase signaling pathways.
In conclusion, isoflurane exerts an immunosuppressive effect by increasing the expression of ubiquitin, c-Cbl, and Cbl-b, leading to decreased production of IL-2 by T cells. These effects of isoflurane may result in poorer surgical outcomes.
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